Sulfonated aromatics (hard detergents) were the first compounds to impress on the general public the problems of the nonbiodegradability of some xenobiotic compounds (4) . Sulfonated aromatics (e.g., naphthalenesulfonates) are still major pollutants, representing some 10% of the pollution load in the river Rhine (15) .
Naphthalenesulfonates and their substituted analogs have been termed nonbiodegradable (2) , and the xenobiotic character of the aromatic sulfonic group is known (14) . However, selections in continuous culture have yielded organisms capable of quantitatively mineralizing 1-naphthalenesulfonate (NS-1) and 2-naphthalenesulfonate (NS-2) (3), and batch enrichment cultures yielded organisms capable of utilizing 2-amino-1-naphthalenesulfonate (17, 18) and some other substituted naphthalenesulfonates (16) as carbon sources. There are thus a few organisms able to desulfonate sulfonoaromatics, and these bacteria have narrow substrate ranges.
We observed that prometryne [N,N'-bis(1-methylethyl)-6-methylthio-1,3,5-triazine-2,4-diamine] is utilized by bacteria as a sole and growth-limiting source of sulfur (6, 8) . By analogy, we decided to test the hypothesis that the sulfur of naphthalenesulfonates is available to microorganisms present in the environment. We now report that benzenesulfonates and naphthalenesulfonates serve readily and quantitatively as sulfur sources for the growth of bacteria with a broad substrate range and that oxygenolytic cleavage of the sulfonate group occurs.
MATERIALS AND METHODS
Chemicals. Sodium NS-1 and sodium NS-2 were purchased from Fluka (Buchs, Switzerland). Peri acid (as sodium 8-amino-1-naphthalenesulfonate), Laurent's acid (as sodium 5-amino-1-naphthalenesulfonate), Tobias acid (2-amino-1-naphthalenesulfonic acid), J acid (7-amino-4-hydroxy-2-naphthalenesulfonic acid), gamma acid (6-amino-4-hydroxy-2-naphthalenesulfonic acid), C acid (as disodium 3-amino-1,5-naphthalenedisulfonate), and H acid (as disodium 4-amino-5-hydroxy-2,7-naphthalenedisulfonate) were provided by CIBA-GEIGY AG (Basel, Switzerland).
* Corresponding author.
Most of the sulfonated naphthalenes were contaminated with sulfate ion and organics, both of which were removed by high-pressure liquid chromatography (HPLC). Compounds were made to 10 mM in 10 mM potassium phosphate buffer, the pH was readjusted to 7 (to bring some acids into solution), and the solutions were passed through membrane filters (0.2-,um pore diatneter) to remove particles. Portions (250 ,ul) were chromatographed (11) , and the peak of authentic material was collected, made to a concentration 1.25 mM, sterilized by passage through a membrane filter (0.2-,um pore diameter), and stored in the dark at 4°C. Samples of 2-naphthalenecarboxylic acid, 1,2-dihydroxy-1,2-dihydro-2-naphthalenecarboxylic acid and pure NS-1 were kindly supplied by H.-J. Knackmuss. 5-Amino-1-naphthol (technical grade) was a gift from U. Meyer. It was recrystallized from water. 1802 (98.6%) was from CEA (Gif-sur-Yvette, France). Oxiferm tubes (Roche, Basel, Switzerland) were used. The sources of other chemicals were described by Thurnheer et al. (21) .
Apparatus and analytical methods. HPLC (1), gas chromatography (GC) (12) , and mass spectral (MS) (7) analyses were done with apparatus described elsewhere. UV (8, 13) . Arthrobacter sp. strain was not solubilized by this treatment, and a more complex workup was necessary (19a) in which, in addition, the NaOH solution contained 0.1% sodium dodecyl sulfate.
Media, isolation of organisms, and quantification of growth. Scrupulously clean glassware was required to prevent spurious growth on contaminant sulfur. The enrichment medium consisted of a simple salts solution (pH 7.2), three carbon sources, trace elements, and a single sulfur source at 30 ,uM (8) . Isolation of strain DZ-6 required a vitamin (19) supplement to the medium. The inocula were from municipal sewage (Werdholzli, Zurich, Switzerland), sewage pooled from 10 municipal sewage works (21) , and industrial sewage (CIBA-GEIGY AG, Schweizerhalle, Switzerland). Enrichment procedures, cultivation, and isolation were done as previously described (8) . Cultures were stored at -80°C in 50% glycerol.
Strain DZ-6 was grown in vitamin-containing enrichment medium containing 20 mM glycerol as the carbon source. The medium for strains S-313 and S-832 was 50 mM potassium phosphate buffer (pH 7.2)-19 mM ammonium chloride-0.5 mM magnesium chloride-25 mM succinate-sulfurfree trace elements (21)-30 puM sulfur source. Cultures were grown in screw-cap Erlenmeyer flasks. The ratio of medium/air volumes was 1:5. Inocula (2%, vol/vol) were from a culture grown with NS-2 as the sulfur source. Culture flasks containing substituted aromatic sulfonates were covered with aluminum foil because these compounds and their desulfonated products are light sensitive. Growth yield experiments were done as described by Cook and Hutter (8) . Samples for aromatic sulfonates and their metabolites in growth media were centrifuged (20,000 x g for 15 min at 4°C), and the supernatant fluid was assayed immediately or after storage at -20°C. Samples were not filtered because naphthols and phenols sorbed on the filter.
Pseudomonas sp. strain A3 (3) was kindly supplied by H.-J. Knackmuss. The organism was grown as previously described (3) .
Isolation of metabolites. The polarity of culture supernatant fluid was increased by the addition of analytical grade ammonium sulfate (0.5 g/ml) to improve phase separation. Any precipitate was removed by centrifugation (5,700 x g, 20 mim). The naphthol (or phenol) in the supernatant fluid was extracted into peroxide-free diethyl ether (0.2 volume), taken to dryness, and recrystallized from water. Crystals were collected and recrystallized from water. Purification was monitored by HPLC, and pure samples were dried under vacuum (0.4 x 101 torr [5. 33 Pa]) before MS were obtained. Partially purified preparations in ethanol could be used for GC or GC-MS analyses.
Incorporation of oxygen from 1802. Oxygen-free medium in 600-ml screw-cap bottles was prepared by boiling out gases and closing the bottles with gas-tight latex stoppers in screw caps. The gas phase was evacuated and flushed with oxygenfree nitrogen in six cycles. Evacuated bottles were then filled with 80% nitrogen (99.999%) and 20% 1602 or 1802 (98.6%) and autoclaved closed. The sulfur source (final concentration, 30 F.M) and inoculum were added aseptically through the stopper with a syringe. Each metabolic product was partially purified and examined by GC-MS. Three of the eight degradative organisms originated from municipal sewage, and five strains were derived from industrial sewage. All organisms were motile or nonmotile rods, seven of which were gram negative. Two presumed pseudomonads, strains Z-63 and S-313 (motile, obligately aerobic, oxidase-positive rods), and unidentified strain S-832
were choosen for further study. Strain S-313, which was used extensively, was assigned to the fluorescent pseudomonads because of the pattern of reactions in Oxiferm tubes (key = 2151) and because it contains ubiquinone Q9 (G. Auling, personal communication). Each of these three organisms was observed to have a broad substrate range ( Table   1 ). None of the compounds listed in Table 1 served as a carbon source for these organisms. The phenotype of utilizing aromatic sulfonates as sources of sulfur was not equally stable in all organisms. Whereas strain DZ-6 retained the character(s) for at least 4 years on nutrient agar plates, some organisms rapidly lost the character if stored under nonselective conditions. We lost the degradative characteristics of strain Z-63 in this manner and thereafter stored organisms for routine use in selective liquid culture. The apparently simultaneous loss of ability to utilize all aromatic sulfonates suggests that only one event was required to lose the phenotype, and we presume that one enzyme (complex) desulfonates many substrates.
Growth physiology. Strain DZ-6 had a molar growth yield of about 4 kg of protein per mol of sulfur (a normal value [6] , whether it utilized sulfate or one of the aromatic sulfonates (Table 1) , with correspondingly higher specific degradation rates (14 ,ukat/kg of protein for NS-2). The organism could utilize at least two substituted naphthalenedisulfonates (NS-8 and NS-9; Table 1 ). The growth yields imply that both sulfono groups from NS-8 were utilized for growth, whereas only one sulfono group from NS-9 was available.
The growth medium supported a molar growth of 4 NS-2 were present together in growth medium, the sulfate was obviously used preferentially ( Fig. 1) . At high sulfate concentrations, no NS-2 was metabolized; at intermediate sulfate levels, a portion of the sulfonate was degraded to product; while at low sulfate concentrations, all the sulfonate was degraded. We presume that the desulfonation system is repressed by sulfate.
Accumulation and identification of desulfonated metabolites. Each aromatic sulfonate was utilized as a source of sulfur only. Thus, at least one carbon-containing compound was presumed to accumulate in the culture concomitant with utilization of the carbon source.
Cultures of strain DZ-6, S-313, or S-832 were grown to the stationary phase with sulfate ion or one of several naphthalenesulfonates as the source of sulfur, and the supernatant fluid was subject to gradient elution from a reversed-phase column. Although some cases of release of many products were observed (e.g., strain DZ-6 utilizing NS-1 and NS-2), six cultures were found to contain a major product. Strains S-313 and S-832 each formed the same single product (cochromatography, identical UV spectra; Table 2 ) from NS-1, and each formed a different single product (cochromatography, UV spectra; Table 2 ) from NS-2. Strains S-313 and DZ-6 yielded yet another single product from 5-amino-inaphthalenesulfonate (cochromatography, UV spectra; Table 2). Strain S-313 was then used for more detailed studies.
Each compound was rigorously identified (Table 2) . Thus, 1-naphthol was formed from NS-1, 2-naphthol was formed from NS-2, and 5-amino-1-naphthol was made from 5-amino-1-naphthalenesulfonate. The same mechanism was observed when phenyl derivatives were utilized as sulfur sources: phenol was formed from benzenesulfonate, and 3-aminophenol came from 3-aminobenzenesulfonate (Table 2) .
Each compound was formed concomitant with substrate utilization, as illustrated in the utilization of 5-amino-inaphthalenesulfonate, for which the yield of product was close to 100% (Fig. 2) . At the end of growth, however, the product was rapidly lost (Fig. 2) . This loss was faster with the aminonaphthol (or the aminophenol) than with the unsubstituted naphthol (or phenol); this is presumably due to the chemical instability of these compounds (10, 22) . This instability of the product is presumed to be one reason for the varying yields of products observed from the various substrates (Table 2) . Oxygenolytic cleavage of the C-S bond. The source of the oxygen atom in 1-naphthol, 2-naphthol, and 5-amino-inaphthol was examined and found to be molecular oxygen. The molecular ion of each naphthol was increased by 2 units if 1802 was present during growth in place of 1602 (Fig. 3) . There was 4 carboxylic acid. We observed 1,2-dihydroxy-1,2-dihydro-2-naphthalenecarboxylic acid to be formed from 2-naphthalenecarboxylic acid by whole cells of the Pseudomonas sp. strain A3 of Brilon et al. (3) , but strain S-313 did not transform 2-naphthalenecarboxylic acid, while utilizing NS-2 and releasing 2-naphthol. Specificity of transport in strain S-313 could explain the failure of the carboxylate to enter the cell and be metabolized. However, our ability to measure a known dihydrodiol and the stability of dihydrodiols at neutral pH values (9) suggest that our observation of naphthols and phenols is not due to the quantitative decay of dihydrodiols and that no dioxygenase is involved in C-S bond cleavage in strain S-313. A second potential mechanism of naphthol formation is via an epoxide intermediate, with which a mixture of 1-naphthol and 2-naphthol follows (5). We observed a single naphthol product (i.e., there was <0.1% 1-naphthol in 2-naphthol and <0.1% 2- 
